New technologies for DNA sequencing, coupled with advanced analytical approaches, are now providing unprecedented speed and precision in decoding human genomes. This combination of technology and analysis, when applied to the study of cancer genomes, is revealing specific and novel information about the fundamental genetic mechanisms that underlie cancer's development and progression. This review outlines the history of the past several years of development in this realm, and discusses the current and future applications that will further elucidate cancer's genomic causes.
Theodor Boveri initially proposed in 1902 that a single cell with scrambled chromosomes and hence uncontrolled cell division was the origin of a cancerous tumor. This hypothesis was supported by the work of many biologists, culminating in the descriptions by Janet Rowley in the 1970s [1] [2] [3] [4] . Although controversial at the time she proposed it, her microscopic observations of leukemia chromosomes established a link between specific chromosomal translocations and different types of leukemia [5, 6] . As a result of these initial observations and many more that followed, it is entirely appropriate to describe cancer as a disease of the genome. In particular, there are not only somatic alterations that are unique to tumor cell genomes, ranging from point mutations to chromosomal translocations but also specific inherited or 'germline' genomic alterations are known to confer increased susceptibility to cancer development. Since 2008, using new technologies for DNA sequencing, our ability to characterize the somatic alterations present in cancer genomes has been radically transformed, as these technologies provide a 'microscope' with the highest resolution: the single nucleotide.
The aforementioned 'next-generation' or 'massively parallel' DNA sequencing technology is embodied in several different instrument platforms, all of which have been profiled in reviews [7, 8] , and all of which have achieved remarkable advances in capacity, read length and accuracy since their initial introduction in the mid2000s. Our group was the first to utilize the Solexa technology (now Illumina) to sequence and analyze a complete tumor and normal genome from the same individual, an acute myeloid leukemia (AML) patient, in 2008 [9] . In this effort, we required the Human Genome Reference sequence as a template against which we aligned the 32 bp Solexa reads from the tumor and normal genomes separately. We first compared the variant calls to those obtained from a high density SNP array as a means of estimating the breadth and depth to which we had covered the genome. After this comparison, at around 28-fold coverage, we identified in excess of 3 million putative single nucleotide variants in both the tumor and normal genomes. By implementing a decision tree algorithm, a commonly implemented means to calculate conditional probabilities such as the probability of a sequence variant being somatic, we were able to identify 10 genes with point mutations or small insertion/deletion changes that were somatic, or unique to the tumor genome. This work established the basic approach to whole genome somatic mutation discovery, although the data and algorithmic approaches have changed over time, effectively broadening the comprehensiveness with which one can characterize the extent of genome alterations in cancer.
Our first effort in AML was strategic, in that leukemia cells derived from bone marrow biopsies are tumor-rich with few normal cells, and the M1 subtype we studied is characterized by diploid chromosomes (hence lack of aneuploidy and copy number alterations so common in solid tumors). It was also driven by the fact that the treatment of AML patients had not changed dramatically in 25 years, leaving the majority of patients with normal cytogenetics and hence in a so-called 'intermediate risk' category (see Figure 1 ) that provided little to no information to them or to their oncologist regarding their potential outcome in the disease course. In this regard, our efforts to-date and those of others now have established three genes (IDH1, IDH2 and DNMT3A) that either alone or in combination with other frequently mutated genes, predict poor outcomes for those AML patients whose genomes contain the mutation [10] [11] [12] . Of these three, DNA methyltransferase 3A (DNMT3A), a de novo DNA methyltransferase, is mutated in 34% of cytogenetically normal patients and predicts poor outcome when mutated [10, 13] . This prognostic correlation to poor outcome in the current clinical paradigm for cytogenetically normal de novo AML (e.g. induce to remission with chemotherapy and monitor for relapse) suggests that DNMT3A mutant AML patients should instead proceed directly to stem cell transplant upon achieving first remission. In addition to prognostic mutations, large-scale tumor sequencing efforts have identified new frequently mutated genes across multiple types of solid and liquid tumors. The decreasing cost of producing the next-generation sequencing data for whole genome coverage has now resulted in large multitumor studies that permit the genomic impact on cellular pathways to be evaluated across all types of somatic alterations [14 ,15,16-19] .
Genome sequencing in solid tumors provides several potential challenges, including the fact that any tumor section used for genomic DNA isolation will include normal cells such as stromal cells, blood vessels and immune cells, all of which contribute a normal genomic DNA signature to that provided by the tumor cells. Although sequencing to a sufficient coverage (defined as the -fold oversampling of the genome required to produce sufficient sequence read depth genome-wide for variant discovery) will permit somatic mutation discovery regardless of the tumor cellularity, most studies focus on tumors with >60% tumor nuclei present (based on conventional pathology estimates) so the sequencing coverage remains tractable from an economic standpoint. Genomic aneuploidy and large-scale amplification of chromosomes also impact the coverage calculation, since these regions contribute more DNA to the sequencing library than diploid or haploid regions and sequencing must compensate for this disparity until all regions are sufficiently covered by sequencing read data. Certain tumor types are more diffuse, such as pancreas or prostate, and require either block macro-dissection or laser capture microdissection (LCM) to enhance the tumor nuclei that contribute to the genomic DNA isolation. While this sounds ideal, the yield of genomic DNA from LCM is relatively low (<100 ng) and modified methods are required to generate whole genome libraries of sufficient complexity to represent the tumor genome. Another challenge is presented by the cellular heterogeneity displayed by many solid tumors, evident in differential immunohistochemistry staining and low-resolution genomic screens [20] , indicating that not all genomes of all tumor cells are equivalent. A deep sampling of the collective tumor genomes in a DNA isolate by next-generation methods, coupled with advanced mathematical analysis of the data can provide a structure for modeling the tumor cell populations, their relative proportions, and their associated mutational profiles. 
NGS studies of cancer progression
This approach was published recently in a study designed to compare the tumor genomes of patients with de novo AML to their relapse genomes [21] . After sequencing each genome (de novo tumor and relapse tumor) and the matched normal from skin for each patient, somatic mutations and structural variants were identified. Some of these appeared to be unique to the relapse sample in each case. We then obtained high sequencing read depth at each somatic mutation site in the de novo and relapse tumors, and characterized the reads that contained the mutated base(s) at each site to calculate an allele frequency of that variant in the tumor cell population. Using kernel density estimation, we then identified groups of mutations present at the same allele frequencies, indicative of their prevalence in the tumor cell population. This comparison of allele frequency groups between de novo and relapse disease allowed us to model the relative numbers of tumor subclones at each disease presentation, and defined AML progression as a clonal process, as illustrated in Figure 2 . Namely, all subclones originate from a founder clone that shares all but the newest mutations, and relapse disease shares mutations with the founder clone as well as new mutations that portend its proliferative advantage in the relapse presentation.
In a similar study, with a slightly different experimental design, we recently explored the differences between myelodysplastic syndrome (MDS) genomes and the genomes found in those patients' secondary AML (sAML) tumors. MDS identifies a heterogeneous group of syndromes characterized by dysplasia and ineffective hematopoesis. Since about 1/3 of these patients progress to sAML for reasons that are not well understood at the genomic level, we characterized these genomes to understand novel somatic variants in the sAML cells. In our study, the results were quite different than the de novo to relapse AML study outlined above. Namely, we found that the sAML genomes were all oligoclonal (comprised of several related tumor cell subclones, each with unique sets of mutations), each containing a pre-existing MDS founder clone that was out-competed in the sAML tumor cell population in some cases. We hypothesized that the oligoclonal nature of the sAML presentation may contribute to the very poor response rates of these patients to 
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Model of the clonal progression process that occurs between the initial (de novo) and relapse presentation in AML patients. At diagnosis, this patient has an oligoclonal disease characterized by four different subclones, each present at a specific proportion in the tumor cell population and with a specific mutational profile. Chemotherapy used to induce the patient into remission decreases clonal heterogeneity but a single subclone persists, acquires new mutations, and again proliferates in the bone marrow as a relapse-specific subclone.
conventional chemotherapies that often induce remission in de novo AML treatment [22] .
Akin to de novo leukemia and relapse is metastatic tumor occurrence in patients with a primary solid tumor presentation. Similarly, the question of genetic relatedness between primary tumor cells and metastatic tumor cells is of interest, although as before, solid tumors present challenges in that typically the metastatic tumor is not surgically removed and/or banked, once diagnosed. There are, however, exceptions and two published reports to-date have studied this genetic relatedness in primary breast tumors and subsequent metastases. The first study involved a patient with lobular breast cancer that was followed 9 years later by a recurrent tumor in the breast [23] . The second manuscript described a 'trio' of tumors from one patient, including a primary basal-like ductal breast tumor, a brain metastasis that developed 8 months after the primary tumor was diagnosed, and a xenograft-propagated tumor derived from the primary tumor after its surgical removal [24] . Both studies established a genetic relatedness between the primary and the metastatic tumors, albeit one that becomes more distant with time between the primary and metastatic disease diagnoses. In the second example, the metastatic tumor appeared to be enriched for a specific subclone within the primary disease that was characterized by certain low allele frequency mutations in the primary tumor genome rising to much higher allele frequencies in the metastatic tumor genome. More studies of this type are needed to fully understand the potential for metastasis and the roles of specific mutations in the tendency for certain tumors to metastasize.
The use of different initial preparatory methods and postsequencing computational data analyses has expanded the scope of cancer genomics inquiry to include expressed and non-coding RNA ('RNA-seq'), and DNA methylation ('methyl-seq') comparisons of tumor and matched non-malignant tissues from the same patient. If anything, the wealth of genomic information that can be collected from each tumor case proves two things; our relatively primitive ability to integrate data from different 'omes' and our inability to quickly characterize the impact of different types of genomic alterations on tumor biology. Nevertheless, these cataloguing efforts will undoubtedly be valuable when coupled with downstream efforts to investigate the impact of genomic alterations on protein and pathway function in cell-based systems. Data integration, similarly, provides a challenge for computational and systems biologists -and one set of efforts will inform the other, ultimately advancing our understanding of tumor biology.
NGS-based diagnosis in cancer care
As analytical abilities that interpret next-generation sequencing data using mathematical or statistical methods become more integrated, and are coupled with secondary validation assays that verify the predicted mutations or alterations correctly identified by the analysis, the remarkable pace of the cancer genomics discovery process already evidenced in just the past three years will continue. While these efforts are valuable and worthwhile, one ultimate goal is to improve patient care, including the precision of diagnosis. A clear ramification of this capability is the translation of next-generation sequencing to clinical diagnosis, especially as it relates to the identification of mutated genes that can be 'targeted' using either small molecule inhibitors or specific antibodies. The first example of such an approach was published by a group in Vancouver at the British Columbia Genome Sequencing Centre, and entailed a patient with metastatic lung tumors who originally had presented with a papillary adenocarcinoma of the tongue [25 ] . Through a brilliant combination of genome and RNA sequencing, coupled with KEGG pathway analysis and DrugBase exploration of targeted therapies available to treat the variant genes they identified, the patient experienced a dramatic recovery with the drug Sunitinib TM that addressed a RET overexpression identified from RNA sequencing. After four months, a CT scan diagnosed disease recurrence and Sorafenib TM and Sulindac TM , also indicated from the initial genomic analysis, replaced the Sunitinib TM treatment. The patient again responded by tumor regression for an additional three months, followed by metastatic progression, whereupon a third genome sequence was conducted with analysis indicating extreme resistance to Sunitinib TM and Sorafenib TM had developed, based on upregulation of MAPK/ERK and PI3K/ AKT pathways. This important work establishes a paradigm that NGS analysis of DNA and RNA from tumors can effectively be interpreted in light of the available targeted therapies and that relief from tumor burden can be obtained. However, until we better understand the processes by which tumors can be successfully drugged with targeted therapies and not result in the presentation of new, drug-resistant subclones, multiple genome sequencing assays may be required to achieve disease regression and stabilization.
Another diagnostic impact of next-generation sequencing is in the resolution of atypical genomic presentations of cancers where the clinical diagnostic paradigm uses defined reagents that address known cytogenetic abnormalities. One example of the latter application of NGS is described in our manuscript regarding the genome sequencing-based diagnosis of acute promyelocytic leukemia (APL) in a patient [26] . APL was characterized in the 1970s by cytogenetics because of its canonical translocation between chromosomes 15 and 17, often reciprocal, whereby the genes PML (promoter and first three exons) and RARa (exons 3-9 and 3 0 UTR) are juxtaposed and the resulting fusion transcript contributes to APL development [27] [28] [29] 30 ]. In this study, the patient presented with classical pathologic hallmarks of APL but upon cytogenetic evaluation to identify the t15;17, was found to be negative for this and for the reciprocal translocation. Further complicating her treatment was that cytogenetic evaluation genome-wide indicated multiple rearrangements, classified as 'complex cytogenetics'. Typically, the latter diagnosis indicates stem cell transplant (SCT) as the treatment standard of care, since these patients are categorized as 'high risk'. Because of the associated morbidity and mortality associated with SCT, and because the cellular pathology was indicative of APL, we sequenced the patient's tumor genome from bone marrow and a comparator normal from skin, once the patient was in remission. Within seven weeks that mirrors the time required for FISH cytogenetic diagnosis of APL's t15;17, we determined by sequence read pair analysis focused initially on chromosomes 15 and 17, evaluating anomalously mapping read pairs that identify structurally variant regions of the genome (relative to the human reference genome and the patient's normal genome), that the PML-RARa fusion had indeed occurred in this patient. However, this fusion was arrived at by a completely novel mechanism of cryptic insertion between chromosome 15 (77 kb containing the first three exons of PML) and chromosome 17, effectively juxtaposing the two genes and producing the anticipated fusion transcript of PML-RARa as typically is arrived at by t15;17, as shown in Figure 3 . This information was verified in a CLIA environment, using PCR of the assembled junction sequences identified by NGS data assembly, and then provided to the patient's oncologist for consideration in her treatment. As such, this patient was consolidated with all-trans retinoic acid (ATRA) and is leukemia-free now two years following her treatment.
In conclusion, the development over three years of ultra high-throughput sequencing technologies known as 'nextgeneration' or 'massively parallel' has dramatically changed the landscape of cancer genomics. This trajectory is advancing rapidly and is beginning to impact the diagnosis and treatment of cancer. Certainly, our understanding of cancer as a disease of the genome already has, and will continue to be impacted in a dramatic and lasting way.
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